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Gif-sur-Yvette, FranceABSTRACT Picosecond fluorescence kinetics of wild-type (WT) and mutant cells of Synechocystis sp. PCC 6803, were
studied at the ensemble level with a streak-camera and at the cell level using fluorescence-lifetime-imaging microscopy
(FLIM). The FLIM measurements are in good agreement with the ensemble measurements, but they (can) unveil variations
between and within cells. The BE mutant cells, devoid of photosystem II (PSII) and of the light-harvesting phycobilisomes,
allowed the study of photosystem I (PSI) in vivo for the first time, and the observed 6-ps equilibration process and 25-ps trapping
process are the same as found previously for isolated PSI. No major differences are detected between different cells. The PAL
mutant cells, devoid of phycobilisomes, show four lifetimes: ~20 ps (PSI and PSII), ~80 ps, ~440 ps, and 2.8 ns (all due to PSII),
but not all cells are identical and variations in the kinetics are traced back to differences in the PSI/PSII ratio. Finally, FLIM
measurements on WT cells reveal that in some cells or parts of cells, phycobilisomes are disconnected from PSI/PSII. It is
argued that the FLIM setup used can become instrumental in unraveling photosynthetic regulation mechanisms in the future.INTRODUCTIONFluorescence techniques provide powerful and noninvasive
tools for measuring biological processes under physiolog-
ical conditions. Time-resolved fluorescence experiments
are widely applied to study excitation energy migration
and trapping (charge separation) in photosynthetic com-
plexes. However, direct assignment of fluorescence life-
times in living cells is difficult due to the complexity of
the photosynthetic apparatus. Cyanobacteria contain three
main photosynthetic complexes: photosystem II (PSII),
binding ~40 chlorophyll (Chl) molecules; photosystem I
(PSI), with ~100 Chls; and the light-harvesting phycobili-
some (PBS), with ~300 phycobilins. Excitation energy
captured by PBS is directed to the reaction centers (RCs)
of the two PSs, where charge separation occurs. The exact
interaction between the PBS and the PSs is still under
debate. It is known that a PBS can also be decoupled from
the PSs, leading to long-lived fluorescence (1,2). PBS exci-
tation energy distribution between the two PSs is regulated
(state transitions), thereby optimizing photosynthetic
performance (3,4). It was found recently that two types of
PBS exist with different architecture and physiological
significance (5,6).
It is known that the fluorescence kinetics of photosyn-
thetic complexes is very fast. A 20- to 30-ps lifetime reflects
excitation trapping in the PSI core and a 4- to 5-ps compo-
nent reflects excitation equilibration between bulk and red
Chls (see Gobets and van Grondelle (7) and referencesSubmitted June 4, 2010, and accepted for publication July 13, 2010.
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0006-3495/10/09/2006/10 $2.00therein). Reported data about the PSII core are more diverse:
the main trapping time is 35–100 ps, whereas longer com-
ponents (200–500 ps) are ascribed to secondary electron
transfer in open RCs. Even longer decay times (2 ns) are
observed for closed RCs (8–10).
All these results stem from bulk experiments that have
relatively high temporal resolution and signal/noise ratios
but provide no spatial information, and in which the ob-
tained signals reflect ensemble averages. This disadvantage
can be overcome by studying individual cells with imaging
techniques. In particular, confocal fluorescence microscopy
has been applied to study the ultrastructural organization
in chloroplasts in plant and algal cells (11–13) and the
PSI/PSII distribution in leaves (14,15). New techniques
that are interesting for photosynthesis are line-scanning
semiconfocal multiphoton fluorescence microscopy, which
allows the detection of high time- and spatial-resolution
fluorescence spectra (16), and advanced hyperspectral con-
focal fluorescence imaging, employing single-photon exci-
tation, which provides well-resolved fluorescence spectra
of pigments and their localization in the cell (17). In the
latter two studies, spatial structural features inside cyano-
bacterial cells were determined. Vermaas et al. (17) revealed
that in Synechocystis sp. PCC 6803, PBS and PSII are
mainly located near the periphery of the cell, whereas PSI
is located mainly in the central region. Kumazaki et al.
(16) found that the Chl/phycobilin ratio in Anabaena
PCC 7120 cells is lower in the central region of the cell.
Over the last few years, one- and two-photon FLIM have
also been used for the determination of fluorescence life-
times of photosynthetic complexes. FLIM appears to bedoi: 10.1016/j.bpj.2010.07.015
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fer and trapping, not only in isolated complexes but also
in vivo, in intact cells and leaves. It was applied to leaves
of different plants (18–20), cyanobacteria (19), and crystals
of plant PSI (21) and the major light-harvesting complex of
PSII (22) and its aggregates (23). Imaging methods using
phase-modulated light have also been applied, but the
time resolution was significantly lower (13). In the past,
high intensities have led to undesired effects like singlet-
singlet and singlet-triplet annihilation (23) or the closure
of RCs (8,24). Recently, Broess et al. demonstrated that
FLIM can be applied in vivo on photosynthetic organisms
without the presence of artifacts by using low-light-intensity
two-photon excitation at 860 nm (20). In a recent article,
Minagawa and co-workers (25) applied FLIM to study state
transitions in the green alga Chlamydomonas reinhardtii.
Fitting the fluorescence kinetics to only one decay time was
already enough to follow detachment of light-harvesting
complexes from PSII, and this led to a refined model for
state transitions. It is expected that experiments revealing
multiexponential kinetics can resolve more processes and
mechanisms in detail.
Here, we apply two-photon FLIM to investigate the fluo-
rescence kinetics of the cyanobacterium Synechocystis sp.
PCC 6803 and mutants with a modified photosynthetic
apparatus. Synechocystis PCC 6803 is the first phototrophic
organism with a fully sequenced genome, and it is widely
used as a model organism (26). There is currently significant
interest in its photosynthetic properties because of its poten-
tial as a producer of biofuels (27). To interpret properly the
kinetics of the wild-type (WT), we also study its mutants
PAL (28) and BE (newly constructed and reported here
for the first time). PAL contains PSII and PSI but no PBS,
and BE contains only PSI (no PSII or PBS). In addition,
isolated PBSs were measured. The FLIM data are comple-
mented with streak-camera measurements after excitation
at 400 nm and 590 nm, exciting mainly either Chls
(400 nm) or PBS (590 nm). This allows discrimination
between the fluorescence lifetimes of PSI, PSII, and PBS,
and it is an important step toward clarifying some long-
standing issues in cyanobacterial research: the spatial distri-
bution of PSs, the interaction of PBS with PSI and/or PSII,
and the efficiency of excitation energy transfer.MATERIALS AND METHODS
Construction of the BE mutant strain
A 1.2-kb polymerase chain reaction (PCR) fragment containing psbB
gene was amplified from genomic DNA by using primers BM and BK
(BM, 50-CATGGTGATAATCAAGGGATG-30; BK, 50-CGCTTTCGTCG
TGGCCGGTAC-30). The 1.2-kb PCR fragment was ligated onto the pBC
plasmid (Stratagene, La Jolla, CA) and amplified in XL1-Blue Escherichia
coli. In the resulting plasmid, a 550-bp BstEII fragment was substituted by
the erythromycin cassette. This final plasmid was then used to transform the
PAL mutant of Synechocystis sp. PCC 6803 strain (28). Transformants were
selected on plates containing 20 mM glucose and 20 mg/mL erythromycinand grown in dim light at 30C. The complete segregation of the mutant
was confirmed by PCR. The mutation was also confirmed by the fact that
the strain became an obligate heterotroph.Growth conditions for cyanobacteria WT
and mutant cells
WT Synechocystis sp. PCC 6803 and PAL (28) cell cultures were grown in
BG11 medium on a rotary shaker and under continuous illumination with
white light of intensity 10 mE/m2s. BE cells were grown photoheteroophy-
cally, with 10 mM glucose added to the growth medium. The cells used for
measurements were in the logarithmic growth stage and were measured
between the third and sixth days of cultivation, with the 679-nm outer
diameter (OD) in the range 0.1–0.2.Preparation of isolated phycobilisomes
PBSs were isolated from Synechocystis sp. PCC 6803 according to the
protocol of Garnier et al. (29).Time-resolved fluorescence measurements
Time-resolved emission spectra were recorded using a streak-camera setup,
as described in (21,30). Images were corrected for background and detector
sensitivity, averaged, and sliced up into traces 3 nm wide. The time window
was 800 ps for BE and 2 ns for WTand PAL cells and isolated PBS. To keep
the RCs open, cells were dark-adapted for 10 min before measuring and
samples were circulated in a flow cell during measurement. The laser power
was typically 200 mW and the repetition rate was 250 kHz.
Two-photon excitation (860 nm) FLIMwas performed in vivo, cells were
immobilized in 3% agar/BG11 and pressed between microscope and cover
glasses. The FLIM setup was described in (31). Fluorescence was detected
via nondescanned single-photon counting detection, through two bandpass
filters of 700 nm (75 nm width). To minimize photodamage, the lowest
possible excitation power was used (of the order of 60 mW average
power for WT cells, 350 mW for PAL, and 1.05 mW for BE cells) in com-
bination with long integration times (20–30 min). The amplitude-weighted
average lifetime was calculated via tave ¼
Pn
i¼1ai  ti. The lifetime distri-
bution for different cells (and inside individual cells) was found to be very
reproducible.
FLIM and streak images were analyzed with the TIMP package for R
language and environment for statistical computing (32–34). Only pixels
with intensity >50 cps were selected for global analysis, resulting in
a set of lifetimes that are the same for all pixels and amplitudes that can
differ for the various pixels. Pinacyanol in methanol with a lifetime of
6 ps (21) was used as a reference for the time-resolved measurements.
The fit quality was judged via singular value decomposition of the residual
matrix associated with each FLIM image (35). For further details on the
global analysis approach, see Laptenok (36).
All measurements were performed at 22C.RESULTS
Fluorescence kinetics of WT cyanobacteria are complex
because of the presence of PSI, PSII, and PBSs, each with
their own multiexponential dynamics. Moreover, PBSs
transfer energy toward both PSI and PSII, whereas back
transfer also takes place, further complicating the overall
kinetics. To determine the various contributions, we studied
Synechocystis sp. strain PCC 6803 cells that contain only
PSI (BE), PSI, and PSII, but no PBS (PAL), the WT strain,
and isolated PBS from WT.Biophysical Journal 99(6) 2006–2015
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FIGURE 2 Global analysis results of a representative image of BE cells
detected with 700-nm bandpass filter. Global analysis was performed with
a three-exponential model. (A) Fluorescence intensity image. (B) Histogram
of the shortest fluorescence lifetime component (25 ps). (C–E) Spatial
distribution of the individual lifetime components: 25 ps (C), 287 ps (D),
and 2.6 ns (E); their corresponding average amplitudes are given in
brackets.
2008 Krumova et al.BE cells
To study a simple system, we constructed a mutant (BE)
that lacks PSII and PBS but contains PSI. Steady-state
fluorescence and absorption spectra demonstrate the
absence of phycobiliproteins in BE (Fig. S1 in the Support-
ing Material). The circular dichroism spectrum between 660
and 690 nm is very similar to that of isolated PSI trimers
from the Spirulina platensis (37), indicating that PSI is
properly assembled (Fig. S1). This mutant allows the
measurement of PSI fluorescence kinetics directly in vivo,
without the need of isolation.
Global analysis of streak-camera data, obtained after
400 nm excitation, leads to the decay-associated spectra
(DAS) in Fig. 1. The kinetics is dominated by a 6-ps
and a 25-ps component, whereas minor contributions stem
from 140-ps and 2.9-ns components. The bipolar 6-ps com-
ponent reflects equilibration between bulk (blue-shifted)
and red-shifted Chls (7), whereas the 25-ps component
(maximum 689 nm) reflects excitation trapping due to
charge separation in the RC (7). The 140-ps and 2.9-ns
components have only minor contributions; they peak below
680 nm and do not belong to PSI.
BE cells were also studied with FLIM. A typical FLIM
intensity (time-integrated) image of BE cells (Fig. 2 A)
shows cells with a diameter of ~2 mm. For each pixel, the
picosecond fluorescence kinetics was registered. Global
analysis of the kinetics of the whole image was performed
by imposing the condition that the lifetimes are the same
for all pixels, whereas amplitudes can differ from pixel to
pixel (38). Three exponentials (25 ps, 287 ps, and 2.6 ns)
were needed for satisfactory fits, and the corresponding
amplitudes are given in Fig. 2, C–E. The amplitude of the
25-ps component is shown in a histogram in Fig. 2 B and
it varies between 96% and 98% of the total amplitude.
The 6-ps component observed with the streak camera cannot
be observed with FLIM, because the time resolution is too660 700 740 780
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FIGURE 1 DAS of BE cells, obtained after global analysis of streak-
camera data. The corresponding lifetimes are given in the figure. The
excitation wavelength was 400 nm.
Biophysical Journal 99(6) 2006–2015low and the absence of spectral resolution leads to (partial)
cancellation of positive and negative amplitudes present
at different wavelengths. The 287-ps component has a
very small contribution (on average just under 3%) and
the 2.6-ns component has an even smaller one (1%). The
minor components are present in all cells, and thus it can
be ruled out that they are due to sample contamination or
sample heterogeneity.PAL cells
No PBSs are synthesized in PAL, and phycobiliprotein
emission is absent (28). In Fig. 3, the DAS of PAL cells pre-
sented are obtained from 400-nm-excitation streak-camera
data. Four components are obtained, with lifetimes 20 ps,
77 ps, 487 ps, and 2.6 ns. The 20-ps component dominates
and its DAS peaks around 690 nm. The other components
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FIGURE 3 DAS of PAL cells, obtained after global analysis of streak-
camera data. The corresponding lifetimes are given in the figure. The
excitation wavelength was 400 nm.
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FIGURE 4 Global analysis results of a representative image of PAL cells
detected with 700-nm bandpass filter. Global analysis was performed with
a four-exponential model. (A) Fluorescence intensity image. (B) Histogram
of the average fluorescence lifetime, <t>. (C–F) Spatial distribution of
the individual lifetime components: 18 ps (C), 84 ps (D), 393 ps (E), and
1.73 ns (F); the corresponding average amplitudes are given in brackets.
The red-outlined cell differs from most other cells with regard to lifetime.
Imaging Photosynthesis in Cyanobacteria 2009are less pronounced, with their maxima all at 684 nm. The
three slowest components are mainly due to PSII, and the
20-ps component should be ascribed to both PSI and PSII.
A typical FLIM intensity image of PAL cells is given in
Fig. 4 A. Global analysis resolves four decay compo-
nents—18 ps, 84 ps, 393 ps, and 1.73 ns—and their spatial
distribution is shown in Fig. 4, C–F. The histogram of
the average lifetimes is given in Fig. 4 B. The majority
of the cells have an average lifetime between 100 and
150 ps, but the distribution shows a tail toward larger values.
A typical example of a slow cell is enclosed in the red square
in Fig. 4, C–F; its average lifetime is ~200–250 ps.
In most of the pixels, the amplitude of the 18-ps compo-
nent is ~70%, but in some cases it is ~50% (Fig. 4 C, red
square). In the pixels with a low contribution of the 18-ps
component, the contribution of the 84-ps (Fig. 4 D) and
393-ps (Fig. 4 E) components is higher. The 1.7-ns contribu-
tion is very small in all pixels (Fig. 4 F).
The lifetimes resolved by the streak setup on PAL cells
and the relative amplitudes are very similar to those found
with FLIM. The only exception seems to be the 393-ps com-
ponent resolved in FLIM, whose counterpart in the streak
images is the 487-ps component. To check whether both
components have the same origin, FLIM data analysis was
performed with a lifetime fixed to 487 ps. This does not
significantly change the fit quality or the other lifetimes. It
is concluded that due to the low amplitude of the 393-ps
component, the estimation of its value is somewhat prob-
lematic, but its origin is the same as that of the 487-ps
component in the streak data.Isolated phycobilisomes
Global analysis of streak-camera data on isolated PBSs after
590 nm excitation resolves four lifetimes: 20 ps, 84 ps,
289 ps, and 1.9 ns (Fig. 5). The 20-ps component exhibitsa positive amplitude at 630 nm and a negative one at
650 nm. Such a component was also found by Suter et al.
(1), and it is due to energy transfer within the phycocyanin
(PC) units. The 84-ps component is positive at 645 nm and
negative at 675 nm and is due to transfer from the PC rods to
the allophycocyanin core (1). The 289-ps and 1.9-ns compo-
nents are positive over the entire wavelength range and their
maxima, at 655 nm and 665 nm, respectively, indicate that
they originate from PC and allophycocyanin, respectively.
The 289-ps component is probably due to some disrupted
PBSs, which is very difficult to avoid. Upon measuring
freshly prepared PBSs, Suter et al. (1) obtained a similar
component (230–600 ps). They suggested that this might
be due to PBSs with a distorted structure. Indeed, during
isolation, some degradation products are detectable (29)
(for further information about PBS stability, see (39–41)).
In this case, the energy transfer from PC toward the PBS
core is perturbed, which can result in a faster decay andBiophysical Journal 99(6) 2006–2015
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FIGURE 5 DAS of isolated PBSs, obtained after four-component
analysis of streak-camera data. The corresponding lifetimes are given in
the figure. The excitation wavelength was 590 nm.
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FIGURE 6 Global analysis results of a representative image of Synecho-
2010 Krumova et al.blue-shifted emission, consistent with the appearance of the
289-ps component. The amplitude of this component in our
case is bigger than in previous studies and is probably due to
prolonged storage at room temperature.
FLIM was also performed on a suspension of PBSs.
Because the size of the PBS is far below the spatial resolu-
tion of the FLIM, no meaningful pictures can be obtained,
but fluorescence lifetimes can be determined. Analysis
reveals a 1.87-ns decay time and a 120 5 20-ps rise
time—similar to times obtained by Suter et al. (1) upon
excitation at 580 nm and detection at 680 nm for PBSs
from Synechococcus sp. PCC 6301. The 120 5 20-ps rise
time most likely corresponds to the 84-ps component found
in the streak-camera measurements. The 289-ps component
is not resolved with the FLIM, but the most important
observation is that isolated PBSs that are not connected to
PSI or PSII show a relatively slow rise time in the FLIM
measurements, which is ascribed to energy transfer toward
acceptor pigments that dominate the fluorescence in the
detection window.cystis PCC 6803 WT cells detected with a 700-nm bandpass filter. Global
analysis was performed with a three-exponential model. (A) Fluorescence
intensity image. (B) Spatial distribution and histogram of the average
lifetime. (C–E) Spatial distribution of the individual lifetime components:
71 ps (C), 246 ps (D), and 842 ps (E).Wild-type cells
A typical FLIM intensity image of Synechocystis sp. PCC
6803 WT cells measured upon two-photon excitation at
860 nm is shown in Fig. 6 A. Global analysis of the fluores-
cence kinetics obtained for the different pixels leads to three
lifetime components: 71 ps, 246 ps, and 842 ps. The shortest
component has either positive or negative amplitude in the
various pixels. In the first case, it represents fluorescence
decay, and in the second it represents the rise of fluores-
cence. To compare the relative amplitudes of the slowest
components, they are normalized such that the sum of their
amplitudes equals 1, and the average lifetime is estimated
using only these two components (Fig. 6 B, histogram).
The average lifetime varies for different cells; in theBiophysical Journal 99(6) 2006–2015majority of the cells, it is ~300 ps, but cells with a longer
average lifetime (400–450 ps) are also observed (Fig. 6 B,
red-outlined cell) and in some cells, pixels with a shorter
lifetime are detected (Fig. 6 B, gray-outlined cell). The
spatial distribution of the shortest lifetime component
(Fig. 6 C) shows pronounced heterogeneity: in some cells,
its amplitude is predominantly negative (red-outlined cell),
whereas in others it is mainly positive (gray-outlined cell)
or close to zero (Fig. 6 C, white cells). The 246-ps compo-
nent is the dominant component in all pixels, but its distri-
bution varies from cell to cell (Fig. 6 D). In some cells, its
Imaging Photosynthesis in Cyanobacteria 2011amplitude reaches 90%, whereas in others it drops to ~70%.
The contribution of the longest component varies between
10% and 30%, and its amplitude is the highest in cells
with a large contribution of the 71-ps component with nega-
tive amplitude (Fig. 6 E, red-outlined cell). Thus, a relatively
large contribution of the longest component correlates with
the presence of the short rise component. Because it is not
a priori clear which pigments are preferentially excited via
two-photon absorption of 860-nm light, streak-camera
measurements were performed with two excitation wave-
lengths—590 nm (predominant excitation of phycobilins,
92%) and 400 nm (predominant excitation of Chls, 90%).
With the use of global analysis, four components were
resolved in both cases (Fig. 7) with lifetimes of 25 ps,
125 ps, 389 ps, and a minor component of 2.9 ns for
400-nm excitation (Fig. 7 A), and 15 ps, 72 ps, 227 ps,
and 1.8 ns for 590-nm excitation (Fig. 7 B). The fluores-
cence lifetimes obtained after 400-nm excitation are similar
to those found by Mullineaux et al. (42) upon excitation of
Chls at 670 nm, and by Bittersman et al. (2) upon excitation
of Chls at 680 nm. In accordance with these reports, our0
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FIGURE 7 DAS of Synechocystis WT cells, resulting from a four-com-
ponent global analysis of streak-camera data, obtained upon 400-nm (A)
and 590-nm (B) excitation. The corresponding lifetimes are given in the
figure.streak data reveal the dominance of the shortest component
(25 ps) at wavelengths >670 nm, and the corresponding
DAS peaks at ~690 nm, similar to what was observed above
for the PAL mutant. The 125-ps and 389-ps components are
characterized by rather complicated DAS shapes, reflecting
many overlapping spectra and transfer processes. The
longest component has almost negligible amplitude and
peaks at ~675 nm.
Similar to what was observed by Mullineaux et al. (42,43)
and Bittersman et al. (2) upon 610-nm phycobilin excitation,
590-nm excitation leads to two transfer components with
fluorescence lifetimes of 15 ps and 72 ps, a major 227-ps
decay component with emission maximum at ~660 nm
and a 1.8-ns decay component with a broad emission
maximum. TheDAS of the 1.8-ns component has a relatively
large amplitude that is far higher than that of the slow
component observed after 400-nm excitation and its spec-
trum shows, moreover, a large contribution from PBSs
(see results above on isolated PBSs). The lifetimes resemble
those obtained in the FLIM experiments, and the relatively
large contribution of the slowest component is also more
in line with the high value obtained in the FLIM results
than the rather small contribution in the 400-nm experiment.
Therefore, it can be concluded that in the FLIM measure-
ments, excitation mainly takes place in the PBS.DISCUSSION
Time-resolved fluorescence techniques are widely used for
measuring the ultrafast processes of excitation energy
migration and charge separation in isolated photosynthetic
complexes and whole cells but they only allow the study
of large ensembles, and in most cases the implicit assump-
tion has to be made that the preparations are homogeneous.
This disadvantage can partly be overcome by performing
FLIM measurements where the resolved fluorescence life-
times can in principle be correlated with the variation
among cells, background signals from outside the cells
can be omitted, and even variations within individual cells
can be addressed.
In this work, we apply FLIM for the first time that we know
of to study cyanobacterial cells (WTandmutant Synechocys-
tis cells) with the particular aim of investigating to what
extent cell-to-cell variation can be observed and understood.
Thismay allow future research on individual cells in different
states of their life cycle and under different stress conditions.
Streak-camera measurements are used to identify and assign
specific fluorescence lifetimes. A summary of the resolved
lifetimes and their assignment is presented in Table 1.Advantages of the combination of FLIM
and streak-camera experiments
We would like to underline the remarkable sensitivity of the
current setup/measurements. The picosecond kinetics ofBiophysical Journal 99(6) 2006–2015
TABLE 1 Assignment of fluorescence lifetimes
Sample
FLIM Streak-camera 590-nm excitation for WT/PBS and 400 nm for PAL/BE
Lifetime Assignment Lifetime Assignment
WT 15 ps Energy transfer in PBS (below 680 nm)/Chl decay
(above 680 nm)
71 ps Chl decay (coupled PBS)/Energy transfer
in PBS (decoupled PBS)
72 ps Energy transfer in PBS (<690 nm)/Chl decay
(>690 nm)
246 ps Allophycocyanin decay 227 ps Allophycocyanin decay
842 ps Terminal emitters/closed PSII RCs 1.8 ns Terminal emitters/closed PSII RCs
PBS 20 ps Transfer within phycocyanin disks
122 ps Energy transfer in PBS 84 ps Energy transfer in PBS
289 ps PC decay
1.87 ns Allophycocyanin decay 1.9 ns Allophycocyanin decay
PAL 18 ps PSI þ PSII trapping 20 ps PSI þ PSII trapping
84 ps PSII 77 ps PSII
393 ps PSII 487 ps PSII
1.73 ps Closed PSII RCs 2.6 ns Closed PSII RCs/free Chl
BE 6 ps Equilibration between red and bulk Chls
25 ps PSI trapping 25 ps PSI trapping
287 ps ? 140 ps ?
2.6 ns Free Chl 2.9 ns Free Chl
2012 Krumova et al.(substructures of) individual cells can now be measured
without singlet-singlet and singlet-triplet annihilation
effects, which was not possible fewer than 10 years ago
(23), and the RCs can be kept in the open state (see also
Broess et al. (20)). This is due to the relatively low excitation
powers (two-photon excitation) and the high detection sensi-
tivity of the FLIM setup. The presence of closed PSII RCs is
often an obstacle when applying time-resolved techniques,
and usually chemicals are added to keep them in an open
state. We have encountered the same problem while mea-
suring PAL cells on the streak-camera setup, and in general,
the intensities should be kept very low.Wewould also like to
point out that with global analysis of the FLIM images it has
now become possible to estimate the amplitudes and life-
times of even four exponential components, the shortest
being ~20 ps. This is another substantial improvement of
the method over, for instance, recent results of Minegawa
and co-workers (25) on the photosynthetic alga Chlamydo-
monas reinhardtii, in which basically two dominant lifetimes
(which differed for different states of the algae) and one
minor component were resolved, whereas lifetimes <70 ps
could not be resolved. This will also allow further in-depth
research into the state transitions of this algal species.The picosecond kinetics of PSI in vivo and in vitro
are nearly identical, with very small variation
among cells
The streak-camera data on BE cells show the presence of a
6-ps time constant that corresponds to excitation equilibra-
tion between blue and red Chl a species in PSI, whereas
a 25-ps time constant reflects trapping of the excitations in
the RC. The first component cannot be resolved in the
FLIM measurements, but the second one can. These valuesBiophysical Journal 99(6) 2006–2015are similar to the 4.4-ps and 23.7-ps time constants found
for isolated monomeric PSI and the 4.7-ps and 23.2-ps
time constants found for trimeric PSI, both from Synecho-
cystis PCC 6803 (7). It should be noted that in the in vitro
experiments, there is always a contribution of free Chl
a of several percent. Also, in our in vivo experiments, a
nanosecond component is found with a fluorescence
maximum at ~675 nm, but its amplitude is typically <1%.
Some peripheral Chl amight be lost upon isolation, possibly
leading to a shortening of the fluorescence lifetimes, but as
can be observed, the consequences are minor. It is inter-
esting that both the streak and the FLIM measurements
reveal the fluorescence of a strongly quenched Chl a compo-
nent with a lifetime of 140 ps (streak data)/287 ps (FLIM
data) and an amplitude of a few percent. Because the ampli-
tude is small, the value of the lifetime is not very accurate.
The spectrum is blue-shifted with respect to that of PSI, and
such a component has never been observed for isolated PSI
from cyanobacteria. It is possibly due to Cytb6f, which
contains one strongly quenched Chl a molecule per com-
plex. Isolated Cytb6f from Synechocystis PCC 6803 shows
a broad fluorescence spectrum peaking at 676.5 nm,
whereas the fluorescence lifetime is ~250 ps (44). Indeed,
this is very much reminiscent of our experimental observa-
tion. Nevertheless, it cannot be completely excluded that the
fluorescence may stem from Chl a attached to some other
(light-harvesting) protein, for instance CP43 (45). Despite
the fact that the fluorescence lifetime of Chl a in isolated
light-harvesting complexes is usually around several nano-
seconds (see, e.g., Palacios et al. (46)), it seems to be
quenched in the thylakoid membrane (47).
PSI and PSII kinetics only partly overlap, and variation of
the PSI/PSII ratio in different cells can be quantified in the
absence of PBSs
Imaging Photosynthesis in Cyanobacteria 2013The streak-camera data of PAL cells that contain PSI
and PSII only are satisfactorily described by four DAS
with lifetimes of 20 ps, 77 ps, 487 ps, and 2.6 ns. The last
three components must be ascribed to PSII, because they
peak at ~684 nm, which is too red for free Chl a or Cytb6 f
and too blue for PSI. Moreover, they are too slow for PSI
(see above). The 20-ps DAS is by far the largest one (68%
in area) and its DAS has an emission maximum at ~690 nm.
It might be tempting to ascribe this component to PSI, but
a comparison of the areas of the various DAS would then
imply that the PSI/PSII ratio would be 2.1 (i.e., as far as
the number of Chl molecules is concerned). This is far
higher than the expected value of 0.7 reported for PAL by
Stadnichuk et al. (48), a number that is based on the
measurement of action spectra of PSI and PSII. Therefore,
the 20-ps component should contain a substantial contribu-
tion from PSII. The 6-ps and 25-ps components of PSI
obtained for BE cells cannot be resolved separately for
PAL cells because of the interfering contribution from
PSII. Indeed, recent measurements on PSII core particles
from Thermosynechococcus elongatus revealed similarly
fast components due to energy transfer (2 and 9 ps) and
trapping (41 ps), in addition to slower components that
were ascribed to protein relaxation (105 ps), electron trans-
fer from Phe to Qa (332 ps), and a minor contribution from
closed PSII RCs (2 ns) (10). Apparently, all the fast compo-
nents are lumped into one 20-ps component in the fitting of
the results presented here.
We tried to obtain a rough estimate of the relative con-
tributions of PSI and PSII to the 20-ps component by
comparing the PSI and PSII DAS (described in section S2
in the Supporting Material; see also Fig. S2). Using a simple
approximation, we obtained 0.30 5 0.05  PSII DAS þ
0.70 5 0.05  PSI DAS (Fig. S2), demonstrating that the
20-ps component is dominated by PSI but that the contribu-
tion from PSII is substantial. In general, the area under a
(positive) DAS scales linearly with the number of pigments
contributing to this component. By comparing the areas of
the various DAS, it is estimated that the ratio between the
number of Chls in PSI and PSII, respectively, is 0.92 5
0.12. This value is indeed close to the expected value of
0.7 (48).
As already mentioned in the Results section, the lifetimes
obtained in the FLIM experiments are very similar to those
obtained with the streak-camera measurements, and the
same is true for amplitudes. In the majority of the pixels,
the amplitude of the 18-ps component is ~70%, but in some
cases it is ~50% (Fig. 4 C, red-outlined cell), whereas on
average the value is very similar to the 68% obtained for
the 20-ps component in the streak-camera images (Fig. 3).
It is interesting that in the pixels with a low contribution of
the 18-ps component, the contribution of the 84-ps (Fig. 4D)
and 393-ps (Fig. 4 E) components is higher but the 1.7-ns
component still has a very small contribution in all pixels
(Fig. 4 F). The possibility is thus ruled out that the decreaseof the amplitude of the fast component is due to the closure of
PSII RCs, since this would lead to a large increase in the
amplitude of the nanosecond component (note that the fast
lifetime of PSI does not change upon closure of the RC).
Therefore, it is concluded that in a small percentage of the
cells the PSI/PSII ratio is substantially lower than in the
majority of the cells. The reason is unclear at this moment,
but at least it is demonstrated that the FLIM method has the
capability of detecting these cells. Using the simple approx-
imation given above, it can be estimated that in the majority
of the pixels, 50% of the Chls are bound to PSII, whereas in
a small fraction of the pixels, this number is ~75%.PBS-containing cells. Inhomogeneous
distribution of PBS
As demonstrated above, the results of FLIM measurements
on WT cells resemble the results of streak-camera measure-
ments upon 590-nm excitation (92% PBS excitation) far
better than such measurements upon 400-nm excitation
(90% photosystems excitation), meaning that the two-
photon excitation with 860-nm light is rather selective for
phycobiliproteins. Like the streak-camera measurements,
the FLIM measurements reveal the major excitation energy
transfer and trapping processes (71 ps and 246 ps), and only
the 15-ps component is not detected, mainly because the
corresponding DAS has positive and negative contributions
at different wavelengths that cancel during simultaneous
detection over a broad wavelength region with the FLIM
setup. A slow decay component is detected with both tech-
niques: this component is 1760 ps in the streak-camera
measurements and 842 ps in the FLIM measurements, but
the exact value is ill-determined. It is already argued above
that the slow component should be ascribed to un/discon-
nected PBSs. The FLIM experiments now reveal that the
un/disconnected PBSs are only prominently present in part
of the cells. For the red-outlined cell in Fig. 6, the contribu-
tion of the long component is present everywhere at very
large amplitude, and apparently a large fraction of the
PBS is disconnected, much more than in most of the other
cells. It is interesting to note that this is also reflected in
the 71-ps component. Whereas in most cells the amplitude
of this component is positive, it is negative for most of the
pixels in the red-framed cell, and also, this component is
due to disconnected PBSs. This can be understood by
comparing the 72-ps DAS for WT cells and the 84-ps
DAS of PBSs. The latter is almost entirely positive, whereas
the former is largely negative, because the excitation energy
transfer toward the red pigments in the PBS is not followed
by trapping by the RCs. Also, the FLIM measurements on
isolated PBSs show a negative component, and the rise
time is 120 5 20 ps in that case. It should be noted,
however, that the lifetime obtained from the global analysis
procedure of the FLIM images is a weighted average of the
rise and decay components, and since the majority of theBiophysical Journal 99(6) 2006–2015
2014 Krumova et al.PBSs are connected, the 72-ps trapping time will dominate
the obtained average time. In conclusion, the substantial
fraction of disconnected PBSs observed in the ensemble
measurements with the streak-camera setup is found to be
inhomogeneously distributed over the various cells.SUPPORTING MATERIAL
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